Using enriched isotopes, we developed a method to elucidate the long-standing issue of Ge transport governing the strain-driven self-assembly. Here 76 Ge was employed to form the 2D metastable layer on a Si(001) surface, while the 3D transition and growth were completed by additional evaporation of 70 Ge. This isotope tracing combined with the analysis of the Ge-Ge LO phonon enables the tracking of the origin of Ge atoms and their flow towards the growing islands. This atomic transport was quantified based on the quasiharmonic approximation of Ge-Ge vibrations and described using a rate equation model.
The elastic energy stored during lattice-mismatched heteroepitaxy can be relieved by surface roughening, step bunching, dislocation formation, and assembly of 3D nanostructures [1, 2] . Considerable effort has been expended to understand the atomic processes involved in these morphological instabilities, aiming at suppressing or exploiting them [3] [4] [5] [6] [7] . In particular, the phenomenon of self-assembly has been the subject of intensive investigations as a powerful nanofabrication tool by which a variety of defect-free semiconductor quantum dots and nanowires can be prepared, inspiring a wide spectrum of potential nanoscale technologies [3] . The formation of these nanostructures occurs in the Stranski-Krastanow growth mode. In this mode, the deposited atoms first form a 2D metastable layer. The onset of the nucleation and growth of 3D structures take place when this 2D layer reaches a critical thickness. This instability of the planar growth depends strongly on the misfit strain, which increases progressively as a result of the surface segregation [8, 9] . This 2D-3D transition and island growth are exclusively governed by surface diffusion processes [10] .
Experimental observations have provided clear evidence that the 2D layer transfers material collectively to 3D nanostructures during growth and annealing [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Nevertheless, the chemical and structural probes used in these investigations cannot discriminate between atoms deposited during the initial 2D growth and those deposited after the onset of the 3D growth. These two groups of atoms are, however, distinct as they follow different pathways prior to their incorporation into the growing islands. Thus the elucidation of the contribution of each group to the growth is critical to the understanding of the physics of heteroepitaxy and strain-mediated self-assembly. Here we believe that we unveiled key mechanisms underlying the transport of deposited atoms in the Ge=Si system. Through stable isotope tracing, we were able to distinguish between the two aforementioned groups of atoms. The flow of Ge and the contribution of each group to the 3D growth are quantified based on the quasiharmonic approximation of Ge-Ge vibrations.
The growth was performed on a p-type Si(001) substrate in a solid source molecular beam epitaxy system at T ¼ 620 C. Two Ge enriched isotope sources were employed in a two-isotope growth process. Figure 1 (a) illustrates this process in the abrupt epitaxy configuration. In this approach, the planar layer is grown by deposition of 76 Ge-rich material (85:1% 76 Ge þ 14:5% 74 Ge), and the 2D-3D transition and growth of islands are achieved by the immediate evaporation of 70 Ge-rich material (96:3% 70 Ge þ 2:1% 72 Ge). For convenience, in the text we refer to the sources used as 70 Ge and 76 Ge. Figure 1 (b) displays the Ge-Ge LO phonon of the two crystals used in the growth. As expected from the difference in the average mass, the two Ge-Ge modes are $11:8 cm À1 away from each other. This dependence of phonon frequencies on the 200 300 400 500
Si-Ge isotopic content can be described by the quasiharmonic analysis within the virtual crystal approximation [22] , which gives ! / m À1=2 , where ! is the phonon frequency and m is the average mass. Here the description of vibrations neglects third and higher order derivatives of the crystalline potential, which is a valid approximation in semiconductors at room temperature (RT).
The Ge deposition rate was fixed at ¼ 0:04 ML=s for the two sources. The substrate was cooled down to room temperature immediately after the growth. The surface morphology was investigated by ex situ atomic force microscopy (AFM) in the tapping mode. The critical thickness of the 2D-3D transition was defined as the maximum 76 Ge coverage at which no 3D islands are observable by AFM. Under our growth conditions, this thickness is found to be 0 ¼ ð4:4 AE 0:1Þ ML. A similar critical thickness ($4:2 ML) was reported recently by Brehm et al. [23] . For an additional amount of 70 GeðÞ ! 1 ML, no new nucleation events are detected. The morphology of the grown islands is identical to the system described in Ref. [21] . Raman scattering spectroscopy was carried out at RT in backscattering geometry using a 514.5 nm Ar þ laser focused on a 1-m-diameter spot.
As shown in Fig. 1 (c), the 2D layer has no clear Raman signal; hence the spectra of the analyzed samples contain only the contributions from the islands and the underlying Si substrate as demonstrated earlier [24] . Therefore, the island intrinsic Raman modes can be extracted by subtracting the Si substrate background signal from the raw signal [24] . Note that the intrinsic Raman signal is also sensitive to strain and Si content in the island [24, 25] . Thus to differentiate the contribution of the isotope composition from the other parameters influencing phonon frequencies, two sets of reference samples were grown under the same experimental conditions using monoisotopic beams 70 Ge and 76 Ge in a single isotope evaporation. At a fixed coverage, the morphology, amount of strain, and Si content are identical in the three sets of samples. In this way, the relative Raman peak positions can be directly associated with the isotopic composition. Based on the aforementioned quasiharmonic approximation, the fraction of 76 Ge atoms within the growing 70 Ge= 76 Ge island, yðÞ, can be directly estimated from ð! 70=76 =! ref Þ 2 , where ! 70=76 and ! ref are the Ge-Ge wave numbers in the 70 Ge= 76 Ge islands and in the corresponding monoisotopic islands at the same , respectively. A slight deviation from this approximation is expected for isotopically disordered materials. The mass disorder-induced frequency shift in the Ge-Ge LO phonon reaches a maximum of $1:06 cm À1 at 10 K in 70 Ge 0:5 76 Ge 0:5 crystal, representing the largest isotope disorder in Ge [26] . However, considering that our measurements were carried out at RT with a spectral resolution of $0:6 cm À1 , this isotope disorder cannot affect our analysis.
Because of the overlap with the 2 TAðXÞ phonon of Si substrate at $300 cm À1 , meaningful intensities of Raman intrinsic modes are only detected for 70 Ge coverage ! 0:6 ML. Figure 2(a) shows Ge-Ge modes of all-76 Ge, all-70 Ge, and 70 Ge= 76 Ge islands grown by depositing 0.6 ML on the 2D layer. We note that the Ge-Ge mode of 70 Ge= 76 Ge islands is strikingly closer to the 76 Ge-76 Ge peak than the 70 Ge-70 Ge peak, demonstrating a strong flow of 76 Ge from the 2D layer during the islanding process. This corresponds to yð0:6 MLÞ ¼ 0:886, which signifies that roughly 90% of Ge atoms within the grown islands are actually atoms initially deposited during the planar growth, and direct beam atoms count for only $10%. The strong Ge diffusion from the 2D metastable layer takes place because the nucleated islands are energetically more favorable bonding sites. Earlier studies have reported the thinning of the 2D layer following the onset of the 3D growth [13] [14] [15] [16] 19] . Extensive STM investigations have demonstrated the etching of the 2D layer upon islanding [16] . Schülli et al. have suggested that $1 ML is depleted from the 2D layer at a growth temperature of 500 C [19] . A similar reduction of the thickness of the layer between the growing islands was also inferred from photoluminescence studies [13, 14] and selective chemical etching [15] . The use of stable isotope tracing presented here allows the quantification of this Ge surface transport during the islanding process, in addition to the identification of the origin of Ge atoms incorporated into the growing islands. 
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The investigated islands are predominantly faceted domes, as demonstrated by AFM and transmission electron microscopy analyses (not shown). The islands reach their steady state density at ¼ 1 ML [21] . The Ge-Ge LO phonon spectra of 70 Ge= 76 Ge islands grown by deposition of different amounts of 70 Ge ( ! 1 ML corresponding to the growth stage) are shown in Fig. 2(b) . The observed enhancement in Raman intensity with comes from the increase in island volume. The important feature here is the gradual upshift of Ge-Ge modes suggestive of an increase in the content of direct beam atoms ( 70 Ge) within the growing islands. It is important to mention that these islands also contain Si atoms. We found that the Si content, as estimated from Raman data [24] , decreases slightly from $32% to $25% by increasing 70 Ge coverage from 0.6 to 8 ML. The relative variation is $2:5% in the reduced mass resulting from Ge isotope substitution in the Si-Ge system, which translates into a $3 cm À1 shift between Si-70 Ge and Si-76 Ge Raman peaks (compared to a $11:8 cm À1 shift between 76 Ge-76 Ge and 70 Ge-70 Ge). Thus one can expect the quantification of Ge transport from the evolution of the Si-Ge mode to be fraught with large errors and to be less sensitive. Therefore, we restrict our analysis to the Ge-Ge mode. Nevertheless, it is worth pointing out that the Si-Ge mode in 70 Ge= 76 Ge islands remains practically in between the Si-70 Ge and Si-76 Ge modes (Fig. 3) , which drives us to conclude, within the accuracy of our setup, that Si is equally mixed with both isotopes in 70 Ge= 76 Ge islands. Figure 3 also displays the evolution of the average position of the Ge-Ge peak in 70 Ge= 76 Ge islands, which is found to shift monotonically with the coverage to higher wave numbers but remains $5 cm À1 below the 70 Ge-70 Ge mode at the highest deposited amount of 70 Ge ( ¼ 8 ML). Our analysis is limited to the coverage range 8 ML because the deposition of more than 8 ML yields superdome islands, which can affect the accuracy of our analysis. Figure 4 displays the evolution of y as a function of . We note that at the end of the nucleation stage ( ¼ 1 ML) 76 Ge atoms initially deposited during the planar growth count for about $75% of Ge atoms within the islands. This fraction, however, diminishes progressively with the additional evaporation of 70 Ge to reach $41% at ¼ 8 ML. This decrease occurs at the expense of the increasing incorporation of direct beam atoms ( 70 Ge) into the growing islands. If we assume that during the growth regime ( ! 1 ML) only and all direct beam 70 Ge atoms contribute to the growth, the fraction of 76 Ge within the island can be expressed as y 0 ¼ } represent the amounts (in ML) of 76 Ge and 70 Ge transferred to 3D islands during the nucleation stage, respectively. 0 is the additional amount of 70 Ge deposited during the growth stage ( 0 ¼ À 1 ML). The calculated values of y 0 are also shown in Fig. 4 . It is clear that the assumption made above leads to an important underestimation of the amount of 76 Ge in the islands. Obviously, other subtle factors must be taken into account. In general, the 3D growth involves several kinetically driven processes, including (1) 70 Ge atom adsorption to the growing surface; (2) formation of adatoms (the only mobile surface species) responsible for mass transport on the surface of the 2D layer; (3) diffusion and hopping between surface sites; and (4) capture of adatoms (adatom attachment and diffusion on island facets). Ge desorption and detachment from the islands are negligible under our experimental conditions. Thus a more realistic description of the mass transport during the growth should consider that impinging beam atoms ( 70 Ge) contribute only partially to the 3D growth and that 76 Ge atoms continue flowing from the 2D layer towards the islands. In general, the fraction of 76 Ge within the island can be expressed as are the amount of 76 Ge and 70 Ge atoms transferred to the island during the growth regime, respectively. Assuming that 70 Ge atoms from the direct beam induce only a small perturbation on the areal density of adatoms [27] and } grow 70
can be described by the following rate equations: (Fig. 4) . The fit is not sensitive to A, which was kept constant at 0.25. The best fit, however, is obtained using two different activation energies, E 76 a % 2:51 eV and E 70 a % 2:71 eV (Fig. 4) . Considering the accuracy of our analysis, it is hard to conclude if this difference is meaningful. It is important to mention that the obtained effective energies represent the ensemble of kinetic barriers involved in the growth of Ge=Si 3D nanostructures using solid source molecular beam epitaxy. The determination of the individual energetic barriers involved in this strain-mediated self-assembly remains, however, an open challenge. Based on mean-field theory, an attempt was made to estimate these quantities by fitting the density of InP=GaAs islands (a system with a close lattice mismatch to Ge=Si) grown by metalorganic vapor phase epitaxy in the temperature range of 580-640 C [28] . The total of the calculated activation energies was found to be $2:18 eV [28] , which is below the values obtained in this work despite the fact that the metalorganic vapor phase epitaxy growth would require an additional barrier due to the presence of reaction products at the surface [29] . The use of six adjustable parameters, however, can possibly project an important uncertainty on the calculated energies [28] . Finally, the calculated values of } 2D 76 and } 2D 70 indicate that the total amount of Ge in the 2D layer drops from the initial 4.4 ML to $1:3 ML at the end of the nucleation stage ( ¼ 1 ML). This amount increases nearly linearly during the growth stage to reach $3:2 ML at ¼ 8 ML.
To conclude, we have presented a novel approach to address the transport of Ge deposited atoms during strainmediated self-assembly. Through Ge stable isotope tracing and Raman analysis of the Ge-Ge LO phonon, we have demonstrated that the islands contain an important fraction of Ge atoms initially deposited during the planar growth indicating a strong transfer of Ge from the 2D metastable layer, whereas direct beam atoms deposited at and after the onset of the 3D growth contribute only partially to the growing islands. The quantification of the Ge flow was obtained within the harmonic approximation of Ge-Ge vibrations and described using a rate equation 
